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Introduction

A highly active and regioselective cannabigerolic
acid synthase engineered from a promiscuous
prenyltransferase NphB+

Ye Seop Park, @ +*2 Minju Kim,}? Chae Yeong Na,® Hyeon Woo Ham,?
Jun-Young Cho,® Boyoung Park,°® Cheulhee Jung, ©¢
Daechan Park®® and Tae Hyeon Yoo @ *3¢

Cannabinoids are a class of natural products originally isolated from the plant Cannabis sativa, and the
demand for cannabinoid-derived compounds has continuously grown. Recombinant microorganisms
harboring metabolic pathways for synthesizing these complex molecules have drawn considerable
attention as alternatives to purification from the plant. NphB is a soluble aromatic prenyltransferase from
Streptomyces sp. that has been shown to prenylate diverse aromatic substrates and can condense geranyl
pyrophosphate (GPP) with olivetolic acid (OA) to form cannabigerolic acid (CBGA), a crucial precursor of
various cannabinoids. However, the low activity and lack of regioselectivity of NphB have been a hurdle to
developing efficient biological processes. Several engineered variants have been reported, but their
catalytic properties still need further improvement for application in commercial production. We identified
a critical residue (S214) for interaction with OA by characterizing a small library of NphB. The modeled
structure docked with OA suggested two additional positions (A232 and Y288) for further engineering of
the binding pocket of OA. Combined with a previously reported mutation of V49W, a variant having four
changes (V49W/S214H/A2325/Y288P) showed the highest ke,/Km value with OA (275.89 + 38.248 min™*
mM™) at least to our knowledge, which was 50 000-fold higher than that of the wild-type enzyme (0.0052
+0.00184 min™ mM™). The structural analyses using the molecular dynamics simulation indicated that the
remodeled binding pocket had favorable non-covalent interactions with OA, contributing to the decreased
Km value for the substrate. The purified NphB variant synthesized CBGA using OA and GPP faster than
other reported enzymes, which was more evident with low concentrations of the substrates. These findings
suggested that the CBGA synthase engineered in this study holds promise for application in the production
of various cannabinoids in microbial cell factories.

endocannabinoid system in the human body, which plays a
crucial role in regulating various physiological processes,

Cannabinoids are biologically active compounds naturally
produced by the plant Cannabis sativa. To date, more than 150
cannabinoids have been identified. They interact with the
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including mood, appetite, pain sensation, memory, and
immune response.'® In 2018, the cannabinoid-derived
compound cannabidiol was first approved as Epidiolex by the
U.S. Food and Drug Administration.»® The drug is prescribed
for the treatment of seizures associated with Lennox-Gastaut
syndrome or Dravet syndrome, two rare and severe forms of
epilepsy.”” The success has motivated the development of
cannabinoids as therapeutics.*” Even though some of them
have been reported to exhibit undesirable psychotropic effects,
attempts have been made to minimize these side effects, which
are expected to expand cannabinoid-related therapeutics.”®
Purification from plants is the main route to obtain
cannabinoids, but these methods suffer from the constrained
supply of plants and the low process yield.>'° In particular, it is
often difficult to isolate one type of cannabinoid from the many
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derivatives present in raw materials.’®** Methods based on
chemical synthesis have been developed; however, the complex
structures of cannabinoids require complicated chemical
steps.’>"® Recently, the production of cannabinoids in
microbial cell factories has attracted attention as an alternative
method due to their fast growth rates and the feasibility of
introducing exogenous metabolic pathways.'®'*2° Various

cannabinoids have been biosynthesized via engineered

heterologous pathways in diverse microbes including

Saccharomyces cerevisiae, Pichia pastoris, Escherichia coli,
- 10,14-19

Nicotiana benthamiana, and Candida viswanathii.

The prenylation reaction of olivetolic acid (OA) into
cannabigerolic acid (CBGA) (Scheme S17) has been known as
the rate-limiting step in the production of cannabinoids
through the heterologous synthetic pathways.”’>* Aromatic
prenyltransferases catalyze the transfer of a prenyl group
from a prenyl-pyrophosphate donor (e.g, geranyl
pyrophosphate; GPP) to an acceptor.>*>® Among these, CsPT4
from C. sativa was utilized for the prenylation reaction."
However, because the enzyme is membrane-integrated, it is
challenging to express it functionally in various microbial
chassis.>” In contrast, NphB from Streptomyces sp., a soluble
enzyme, has been shown to prenylate several aromatic
substrates including OA, and has been utilized to biologically
synthesize CBGA.*"**>?%?728 However, the enzyme has two
critical limitations for applying to the CBGA synthesis: a
relatively low activity toward OA and the generation of the
side product, 2-geranyl-olivetolic acid (2-O-GOA)*"**
(Scheme 1). Rational approaches were previously tried to
engineer the binding pocket of aromatic acceptors to address
the issues, and the resulting variants exhibited higher
reaction rates and improved regioselectivity toward
CBGA.”"*> However, some variants designed based on the
modeled complex structure of NphB and OA did not exhibit

COOH COOH

CBGA

|

Cannabinoids

Scheme 1 The condensation reaction of geranyl pyrophosphate (GPP)
with olivetolic acid (OA) catalyzed by NphB yields cannabigerolic acid
(CBGA) or 2-geranyl-olivetolic acid (2-O-GOA). CBGA is the precursor
of various cannabinoids.

2-0-GOA
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the expected catalytic properties, which motivated a different
approach to NphB engineering. In this study, we used a
computational tool to generate a small library in that active
variants can be enriched, and characterization of them
revealed that S412 plays a critical role in the interaction with
OA. Variants with the amino acid change in the residue
showed improved catalytic properties toward OA, particularly
Ky, values, and the best one (V49W/S214H/A232S/Y288P)
exhibited more than 50000 times higher k../K, than the
wild-type enzyme without any detectable production of the
side product of 2-O-GOA.

Materials and methods

Plasmid construction

The synthetic gene of NphB** (Table S1%) was cloned into
pET28a using the Ndel and Xhol sites, resulting in
PSPEL1066. The plasmids expressing V49W/Y288P>* and
G286S/Y288A>" were constructed by introducing the two
mutations into the wild-type NphB gene (pSPEL1067 and
PSPEL1318). The ten synthetic genes of the NphB variants
from FuncLib® (Table S1t) were cloned into pET28a using
the Ndel and Xhol sites, resulting in pSPEL1132-1141. The
NphB variant genes in Table S2,f other than the FuncLib
variants, were constructed by assembly PCR. The synthetic
genes were provided by Twist Bioscience (USA). All the
primers used in this study were synthesized by Macrogen
(Seoul, Korea).

Protein production

Each plasmid
transformed

encoding one
into  Escherichia

of NphB variants was

coli BL21(DE3). The
recombinant strains were cultured in 250 mL of 2x YT
containing 35 pg mL™' of kanamycin until ODgo, reached
0.5. The expression of NphB variants was induced with
0.1 mM isopropyl B-p-1-thiogalactopyranoside (IPTG;
Bioshop, Canada) at 20 °C for 16 h. The cells were
harvested by centrifugation (9300 x g for 15 min) and
stored at -20 °C until purification. The cell pellets were
resuspended in 10 mL of lysis buffer (50 mM Tris, pH
8.0, 150 mM NaCl, 10 mM imidazole). After resuspension,
cell lysates were lysed by sonication and centrifuged to
remove cellular debris, and the supernatant was collected.
Proteins with an N-terminal Hise-tag were purified using
Ni-NTA resin (Qiagen, Germany) according to the
manufacturer's protocol. The purified protein was eluted
using an elution buffer (50 mM Tris-HCl, pH 8.0, 150
mM NaCl, 250 mM imidazole). The protein solutions were
buffer-exchanged with lysis buffer using a centrifugal filter
unit (MWCO: 10000; Merck Millipore, USA) and stored
with 30% (v/v) glycerol (Samchun, Korea).

Enzyme reaction conditions and analyses of the products

Enzyme reactions of NphB variants were conducted in the
solution of 100 mM Tris-HCl (pH 7.5) containing 10 mM

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 NphB library generated by FuncLib. (A) Nine residues in the
binding pocket of aromatic acceptors were selected as ‘designable
residues’ for FuncLib, based on the structure of NphB complexed
with 1,6-dihydroxynaphthalene (1,6-DHN) and geranyl
S-thiolodiphosphate (GSPP) (PDB: 1ZB6). (B) Amino acid sequences of
NphB variants generated by FunclLib. (C) Production of CBGA and
2-O-GOA by each NphB variant. 2 mM of OA and GPP were
incubated with 5 uM of each enzyme for 18 h at 30 °C, and the
concentrations of CBGA and 2-O-GOA were shown as the peak areas
of chromatograms relative to those of the wild-type enzyme. The
experiments were repeated at least three times, and the error bars
indicate the standard deviations.

MgCl,. For the results shown in Fig. 1C, 2, 4 and 6A and
S3;f 2 mM olivetolic acid (OA; Cayman Chemical
Company, USA) and 2 mM geranyl pyrophosphate (GPP;
Sigma-Aldrich, USA) were incubated with 5 puM of each
purified enzyme at 30 °C for 18 h. The results of Fig. 6B
were obtained by reacting 0.2 mM of substrates (OA and
GPP) with 0.5 uM of enzyme at 30 °C. The concentrations
of CBGA and 2-O-GOA were analyzed using an HPLC

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Analyses of NphB variants where S214 was changed to a
different amino acid for the CBGA synthesis. The concentrations of
CBGA and 2-O-GOA of each variant were shown as the relative peak
areas to those of the wild-type enzyme after incubation with 2 mM of
OA and GPP for 18 h at 30 °C. The experiments were repeated at least
three times, and the error bars indicate the standard deviations.

system (Agilent 1260 Infinity II, USA) equipped with the
YMC-Triart Bio C18 column (250 x 4.6 mm) (YMC, Japan).
Methyl-4-hydroxybenzoate (Sigma-Aldrich, USA) was used as
an internal standard to reduce errors involved in the
extraction process. The internal standard dissolved in 0.1
N HCI (5 pL) was added to each reaction sample. Then,
the products were extracted by methanol (v:v = 1:1). The
samples were separated via a gradient of acetonitrile with
0.1% trifluoroacetic acid from 50% to 100% for 10 min.
The peak areas were used to calculate the fold change of
CBGA and 2-O-GOA.

Determination of the enzymatic kinetic parameters
(keat and Ki,)

Kinetic assays of NphB and the four NphB variants (V49W/
Y288P, G286S/Y288A, VA9W/S214H/Y288P, and V49W/S214H/
A232S5/Y288P) were conducted under the following
conditions: 50 mM Tris-HCl (pH 8.0), 10 mM MgCl,, and
varied concentrations of OA and GPP. The kinetic parameters
toward OA were determined using 0.001-1 mM of OA and 2
mM of GPP. For those for GPP, 0.005-1 mM of GPP and 2
mM of OA were used. The concentration of each enzyme was
adjusted ranging from 1 uM to 15 uM depending on their
catalytic activities. The reaction products were analyzed using
the method described above. The initial velocities were fitted
to the Michaelis-Menten equation through the non-linear
regression of OriginPro 8.5 (Northampton, MA, USA).
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Molecular dynamics (MD) simulation of the NphB quadruple
variant

The modeled structure of the quadruple variant without
ligands was constructed using AlphaFold2.>° The substrate-
free structure was subjected to the molecular dynamics (MD)
simulation for 150 ns. The simulation was performed using
the CHARMMS36 force field®' with the water model TIP3P on
a GPU cluster within GROMACS 2022.1.*> The constructed
system was first minimized for 50000 steps using the
steepest descent method. After 100 ps of NVT equilibration, a
100 ps production simulation was performed at 300 K and 1
bar in the NPT ensemble. The particle mesh Ewald (PME)
method was used to treat all electrostatic interactions beyond
a cutoff of 12 A. The LINCS algorithm was used to record the
lengths of the bonds involving hydrogen during the
simulation with an integration time step of 2 fs. The
production runs lasted 150 ns with no atom restrictions and
a time step of 2 fs. The coordinates were extracted from
steered MD trajectories. The root mean square deviation
(RMSD) during the simulation were calculated using the
rmsd module. The GROMACS default analysis commands,
visual molecular dynamics (VMD),>* PyMOL (https://pymol.
org), and XMGRACE*" were used for data processing and
visualization. The RMSD of backbone atoms was stable after
75 ns, and the structure at 100 ns was used to build the
complex structure with the ligands. Then, to the modeled
structure of the quadruple variant, GSPP and OA were
manually introduced using UCSF Chimera.”> GSPP was
introduced into the modeled structure at the same place as
1ZB6. OA was placed in the modeled structure as follows: 1)
the phenyl ring of OA was superimposed on that of 1,6-DHN,
and 2) the C3 carbon of OA was located at the C5 carbon of
1,6-DHN, which is prenylated by NphB. The generated
complex structure was subject to the MD simulation. The
parameters for the docked substrates were generated using
CGenFF.*® The distances between specific atoms in the
ligands or mutated residues during the simulation were
calculated using the gmx distance module.

Results and discussion

Two variants from a FuncLib library exhibited higher
productivity and regioselectivity for CBGA synthesis than the
wild-type enzyme

Rational strategies were previously tried to engineer the
substrate binding site of NphB.*"?? In these studies, the
crystal structure of NphB** was docked with OA, and the
resulting structure was used to evaluate mutations in the
active site computationally. These approaches led to the
discovery of NphB variants with improved catalytic activities
and regioselective modification of OA. However, all the
calculation results were not consistent with the experimental
characterizations, which motivated us to try a different
approach to engineer NphB. Algorithms have been reported
to make smart libraries in that active variants are enriched,
which can dramatically reduce the Ilibrary size to

3366 | Catal. Sci. Technol.,, 2025, 15, 3363-3371

View Article Online

Catalysis Science & Technology
examine.”>*?”*% We turned to one of such algorithms named
FuncLib.* Substitutions at target positions are decided based
on the phylogenetic analyses, and the variants having
multiple mutations are evaluated for their stability using
Rosetta. When residues in the active site of an enzyme are
targeted, the top-ranked candidates are expected to fold into
stable structures with pre-organized active site pockets.?3%*°

The crystal structure in which NphB is complexed with its
substrates of 1,6-dihydroxynaphthalene (1,6-DHN) and geranyl
S-thiolodiphosphate (GSPP) (PDB: 1ZB6 (ref. 24)) was used to
decide the residues in the binding pocket of aromatic acceptors
for mutation. Six residues (M162, F213, S214, Y288, Q295, and
1298) located nearby the aromatic substrate-binding pocket
were selected based on the structure (Fig. 1A) as the targets for
FuncLib. In addition, three residues (V49, A232, and G286),>"*
which had been reported to positively affect the regioselectivity
and the activity of the enzyme toward OA, were included. The
total nine residues were decided as ‘designable residues’ for
FuncLib, and the algorithm proposed 1000 variants (Data file
S1t). Among them, the 10 variants with the highest stability
scores (designated as M1-M10; Fig. 1B) were characterized for
the synthesis of CBGA using OA and GPP. The enzymes were
expressed with the N-terminal Hise-tag in Escherichia coli and
then purified through Ni-NTA affinity chromatography. The
purified enzymes were incubated with OA and GPP for 18 h at
30 °C, and the products were analyzed using RP-HPLC. The
peak for CBGA (~9.6 min, Fig. S1t) was identified using the
chemically synthesized one (Fig. S2 and Table S3t). The wild-
type enzyme has been reported to produce CBGA and 2-O-GOA,
and the other peak (~10.2 min, Fig. S11) was assigned to 2-O-
GOA. The peak areas of CBGA and 2-O-GOA for each variant
were compared to those of the wild-type enzyme (Fig. 1C). Eight
enzymes besides M3 and M7 did not produce either CBGA or
2-O-GOA. Interestingly, only the CBGA peak was detected for
M3 and M7, which suggested the regioselectivity of these two
variants toward CBGA. In particular, M3 produced CBGA 5-fold
more than that of the wild-type enzyme.

Mutations in the $214 position played a critical role in the
improvement of the CBGA productivity

Among the five amino acid changes in M3 (Fig. 1B), we
focused on F213M, S214R, and A232T, which were unique
(F213M and A232T) or found also in M7 (S214R). Three
variants having each mutation were characterized for CBGA
synthesis (Fig. 2). The F213M and A232T variants produced
both CBGA and 2-O-GOA, and their CBGA concentrations
were lower than that of the wild-type enzyme. Interestingly,
the S214R variant produced CBGA exclusively, and its
concentration was higher than that of M3. Motivated by these
results, we changed the S214 position to ten different amino
acids which were selected based on the physical properties of
their side chains (positively charged: His or Lys; negatively
charged: Glu; hydrophilic: Cys, Thr, or Asn; hydrophobic:
Phe, Ala, Gly, or Val). One variant (S214H) converted OA into
CBGA without any detectable synthesis of 2-O-GOA, and the

This journal is © The Royal Society of Chemistry 2025
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concentration of CBGA was higher than that of both M3 and
S214R (Fig. 2).

The S214H structure was modeled based on the crystal
structure of NphB complexed with 1,6-DHN and GSPP (PDB:
1ZB6) using AlphaFold2.>° There was no change in the
binding pocket for GPP, and GSPP was manually introduced
into the modeled structure of S214H at the same place as
1ZB6. Then, OA was docked into the variant structure in
place of 1,6-DHN using AutoDock.’’ We checked the top-
ranked ten poses carefully, but none of them gave a clue as
to how the substitution at position 214 improved the catalytic
properties (data not shown). Instead, we manually placed OA
in the modeled structure as follows: 1) the phenyl ring of OA
was superimposed on that of 1,6-DHN, and 2) the C3 carbon
of OA was located at the C5 carbon of 1,6-DHN, which is
prenylated by NphB (Fig. 3A). The manually docked structure
showed that the carboxy group of OA was in proximity to the
imidazole ring of S214H (Fig. 3B). The favorable electrostatic
interaction between them might play a role in positioning OA
at the active site as the C3 carbon is prenylated preferentially.
Based on this observation, we decided to use the two variants
in which S214 was mutated into His or Arg as templates for
further engineering. In contrast, although the side chain of
Lys is also positively charged, the S214K variant produced
less CBGA than the other two variants, so we did not pursue
the change further.

Additional amino acid substitutions in the OA binding
pocket synergized with the S214 mutations

The modeled structure of S214H docked with OA predicted a
spatial clash between the alkyl (pentanyl) chain of OA and

Fig. 3 (A) Chemical structures of 1,6-DHN and OA. The prenylation
positions were marked with red stars. (B) Structures of the S214H
variant. OA was manually docked in the modeled structure of S214H as
1) the phenyl ring of OA is superimposed on that of 1,6-DHN and 2)
the C3 carbon of OA is located at the C5 carbon of 1,6-DHN, which is
the prenylated position by NphB.

This journal is © The Royal Society of Chemistry 2025
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the phenol group of Y288 (Fig. 3B). The Y288 residue was
mutated into a small hydrophobic residue (Ala, Val, Gly, or
Pro) for both S214H and S214R. Total eight double mutants
were reacted with OA and GPP for CBGA synthesis (Fig. 4).
The changes into Ala or Val resulted in higher CBGA
concentrations than the templates of S214H and S214R.
However, the substitution into a smaller and flexible Gly
abolished (S214R) or decreased (S214H) the CBGA synthesis
activity. Interestingly, the Y288P mutation caused the
opposite effect for the two template variants. While S214R/
Y288P barely produced CBGA, S214H/Y288P enzyme showed
a 15.3-fold higher CBGA concentration than that of the wild-
type enzyme.

Our results suggested that the interaction between the
carboxyl group of OA and the positively charged residue at
position 214 played a crucial role in positioning the substrate
for the regioselective prenylation. We hypothesized that a
hydrogen bond with the hydroxyl group at the C2 carbon
would strengthen the interactions for preferential substrate
orientation in the active site. In the modeled structure
(Fig. 3B), the side chain of A232 was located close to the
hydroxyl group, and substitution into one of three polar
amino acids (Ser, Thr, or Asn) was made for the S214H/Y288P
variant. Only the S214H/A232S/Y288P variant showed an
improved CBGA titer compared to the S214H/Y288P (Fig. 4).
Among several mutations previously reported to improve the
catalytic activity, we focused on the V49W mutation since the

2-O-GOA M CBGA
WT

S§214R

S214H
S214R/Y288V
S214R/Y288G
S214R/Y288A
S214R/Y288P
S214H/Y288V
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S214HY288A
S$214H/Y288P
S214H/A232S/Y288P
S214H/A232T/Y288P
S214H/A232N/Y288P
V49W/S214H/Y288P
V49W/S214H/A232S/Y288P

0 10 20
Relative Peak Area
Fig. 4 Sequential engineering of the binding pocket of aromatic
acceptors of NphB. Using S214H or S214R as templates, additional
mutations were introduced into the binding pocket. The
concentrations of CBGA and 2-O-GOA of each variant were shown as
the relative peak areas to those of the wild-type enzyme after
incubation with 2 mM of OA and GPP for 18 h at 30 °C. The
experiments were repeated at least three times, and the error bars
indicate the standard deviations.
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synergetic effect had been observed for the combination of
V49W and Y288P. The additional mutation improved the
CBGA synthesis activities® (V49W/S214H/Y288P and V49W/
S214H/A232S/Y288P) (Fig. 4). The quadruple variant showed
the best performance for CBGA synthesis, with a 20.4-fold
higher concentration than that of the wild-type (Fig. 4).

The quadruple variant showed a 50 000-fold enhanced
catalytic efficiency toward OA compared to the wild-type
enzyme

The wild-type and the two variant enzymes (V49W/S214H/
Y288P and V49W/S214H/A2325/Y288P) showing the highest
CBGA concentrations in Fig. 4 were characterized for their
catalytic parameters (k... and K,,) for the two substrates of
OA and GPP (Table 1, Fig. 5 and S3f). Two previously
engineered NphB variants (G286S/Y288A%' and V49W/
Y288P>?) were also characterized for comparison. Consistent
with the reported results, the two variants (G286S/Y288A and
V49W/Y288P) showed much higher catalytic activities than
the wild-type enzyme, and V49W/Y288P had a higher k..¢/Kn
value for OA than G286S/Y288A. The triple variant (V49W/
S214H/Y288P) had an additional change (S214H) compared
with the V49W/Y288P, and the comparison of the k., and K,
values of the two enzymes suggested the role of the S214H
mutation in interacting with the substrate, lowering the K,
value with OA from 0.13 + 0.024 mM (V49W/Y288P) to 0.006
+ 0.0021 mM (V49W/S214H/Y288P). The quadruple variant
(V49W/S214H/A232S/Y288P) showed the highest k.../K;, value
with OA (275.89 + 38.248 min™' mM ™), which was 50 000-fold
higher than that of the wild-type enzyme (0.0052 + 0.00184
min™ mM™) and 28-fold higher than that of V49W/Y288P
(9.83 + 0.939 min™' mM™'). Interestingly, even though the
engineering efforts, including the two previous variants, were
made toward OA, the variants showed a wide range of k.,/Km,
values for GPP (Table 1). The G286S/Y288A enzyme showed
the highest catalytic activity toward GPP. Even though V49W/
Y288P was better with OA than G286S/Y288A, the latter
showed around a 5-fold higher k..¢/K,, value for GPP (51.34 +
13.367 min~' mM ') than the former one (9.96 + 1.265 min™"
mM ™). The quadruple variant exhibited a catalytic activity
with GPP comparable to that of G286/Y288A. The
concentration of OA (2 mM) used to determine the kinetic

Table 1 Kinetic parameters of wild-type NphB and NphB variants
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WT
G286S/Y288A

V49W/Y288P
V49W/S214H/Y288P
V49W/S214H/A232S/Y288P

83 2 1 0 1 2 3
Keat! Ky (Min'mM-1, 10g10 scale)

Fig. 5 Catalytic activities of NphB enzymes toward OA. The Kcat/Km
values with OA from Table 1 were shown on a log scale for
comparison.

parameters for GPP was not high enough to expect the
saturation with the substrate for some variants. Therefore, we
tried a three-dimensional Michaelis-Menten equation®” (see
Table S31 for the equation) by fitting all the data for each
enzyme. The resulting kinetic parameters (Table S31) were
similar to those shown in Table 1, except for G286/Y288A,
whose values showed relatively large standard errors.

While the finally engineered variant (V49W/S214H/A232S/
Y288P) showed a much higher catalytic activity than the other
enzymes (Table 1 and Fig. 5), the long incubation yielded
relatively small differences in the CBGA production among
the variants (Fig. 4). Thus, we investigated the time-
dependent CBGA concentration changes with 2 mM of OA
and GPP at 30 °C for 5 uM of each enzyme, which was the
same condition as those of Fig. 4 (Fig. 6A and S47). The
quadruple variant produced around 500 uM CBGA in 30 min,
and the CBGA concentration was maintained after the time
point. In contrast, the CBGA concentration increased for 2 h
for the two other variants (G286S/Y288A and V49W/Y288P),
and the steady-state one was around 300 uM. In the case of
the wild-type enzyme, the production of CBGA continued
throughout the entire period. Interestingly, the steady-state
concentrations of CBGA differed among the enzymes, and
the quadruple variant resulted in a higher concentration than
other variants. We hypothesized that the degradation of
CBGA™™ was correlated with the observed steady-state
concentrations. The mathematical analysis described in the
ESIt shows that the steady-state CBGA concentration
([CBGA]) increases as the rate constant (k) for the reaction of
OA and GPP to CBGA increases. Consistent with the K,
values (Table 1), the difference in the CBGA production rate

OA“ Gpp”
kcat/Km kcat/Km

Keat (min™") Ky (mM) (min™' mM™) Keat (min™") K, (mM) (min™" mM™)
Wild-type 0.00243 + 0.000304 0.49 £ 0.113 0.00525 + 0.001841 0.00246 + 0.000484 0.030 + 0.0122 0.0856 + 0.01864
G286S/Y288A 1.50 = 0.204 0.38 £ 0.103 4.08 £ 0.753 2.11 £ 0.232 0.042 + 0.0065 51.3 £13.37
V49W/Y288P 1.27 £ 0.183 0.13 £ 0.024 9.83 £ 0.939 1.61 + 0.306 0.16 £ 0.020 9.96 + 1.265
V49W/S214H/Y288P 0.402 + 0.1139 0.0062 + 0.00211 68.1 £ 19.53 0.500 + 0.0886 0.029 + 0.0026 17.3 £ 3.58
V49W/S214H/A232S/Y288P 2.87 £0.183 0.010 + 0.0009 276 + 38.2 3.35 £ 0.389 0.083 + 0.0160 40.8 £ 5.73

¢ kear and Ky, for OA were determined using 2 mM GPP. b keae and K, values of GPP were determined using 2 mM OA. The experiments were
repeated at least three times. Values are presented as mean + standard deviation.
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Fig. 6 Time-course of CBGA concentrations for the reactions
catalyzed by NphB variants. (A) 5 uM of each enzyme was incubated
with 2 mM of OA and GPP at 30 °C. (B) 0.5 uM of each enzyme was
incubated with 0.2 mM of both substrates at 30 °C.

was more obvious when the concentrations of OA and GPP
were decreased 10-fold (Fig. 6B).

The modeled structure of the quadruple variant suggested
the favorable interactions of OA in the substrate-binding
pocket

Interactions between OA and the substrate-binding pocket of
V49W/S214H/A232S/Y288P were investigated using a modeled
structure complexed with OA and GSPP. Initially, the substrate-
free structure modeled using AlphaFold2 (ref. 30) was subjected
to the molecular dynamics (MD) simulation for 150 ns. The root
mean square deviation (RMSD) of backbone atoms was stable
after 75 ns (Fig. S5t), and the structure at 100 ns was used to
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7
g 6
o 5
2
S 4
L
03
2 -
; 5.85 + 0.54A7
1 1
0 50 100 150

Time (ns)
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build the complex structure with the ligands. GSPP and OA were
manually introduced to the modeled structure following the
same procedure as done for the S214H variant. The complex
structure was subjected to the MD simulation for another 150
ns (Fig. S61). OA remained stable in the active site throughout
the simulation period (Fig. 7). The average distance between the
C3 carbon of OA and the C1 carbon of GSPP during the
simulation was 4.58 + 0.40 A (Fig. 7B), which is comparable to
the distance (4.2 A) between the C5 of 1,6-DHN (Fig. 3A) and the
C1 of GSPP in the reported NphB structure (PDB: 1ZB6 (ref.
24)). An electrostatic interaction was detected between the side
chain of S214H and the carboxylate group of OA (Fig. 7C). In
addition, the side chain of A232S formed a hydrogen bond with
the hydroxyl group at C2 of OA (Fig. 7D). The structural analyses
indicated that the remodeled binding pocket of the quadruple
variant could facilitate additional favorable non-covalent
interactions with OA compared to the wild-type enzyme, which
resulted in the improvement in the catalytic efficiency,
particularly the decrease of the K,,, value for the substrate.

Conclusion

The condensation reaction of GPP with OA into CBGA,
catalyzed by aromatic prenyltransferases, has been known as
the rate-limiting step in the production of cannabinoids
through heterologous synthetic pathways. NphB from
Streptomyces sp. has shown the potential for the application
in the biological synthesis of CBGA. However, the enzyme
has suffered from a low activity toward OA and the side
reaction to produce 2-O-GOA. In this study, we engineered
the binding pocket of aromatic acceptors (OA) of NphB

Bsg

7
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35
8
B 4 1
[a3Fyn J‘

]
ot

] 4.5810.40A1

1
0 50 100 150
Time (ns
D, . (ns) ‘

7 i
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o5
2
S 4
K2
o3

oh i

JL 3.50 £ 0.38 A |

1 1
0 50 100 150
Time (ns)

Fig. 7 Structural analyses of the quadruple variant using molecular dynamics (MD) simulation. (A) The structure of the quadruple variant
complexed with OA and GSPP was taken at 150 ns of the MD simulation. (B-D) Distances between atoms of OA and residues in the binding pocket
during the MD simulation: (B) C3 of OA-C1 of GSPP; (C) C®! of the imidazole ring of S214H-C1’ of the carboxylate group of OA; (D) O of the side
chain of A232S-03 of OA. Values are presented as mean * standard deviation.
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prenyltransferase to improve its catalytic efficiency and
regioselectivity. Screening of a small library generated by a
computational algorithm (FuncLib) and then a focused
library led to the identification of residue S214 playing a
critical role in the interaction with OA. The docking of OA in
the binding pocket proposed Y288 and A232 as targets for
substitution to make space for the alkyl chain and introduce
a favorable interaction with the hydroxyl group of C2,
respectively. The finally engineered variant (V49W/S214H/
A232S/Y288P), which had the previously reported mutation
(V49W) in addition to the changes in the three positions
(S214H/A232S/Y288P), showed the highest k../K,, value
toward OA among the reported enzymes, without any
detectable synthesis of 2-O-GOA.

The structural analyses based on the molecular dynamics
simulation suggested favorable interactions between OA and
the engineered binding pocket: 1) the electrostatic interaction
between the imidazole ring of S214H and the carboxylate group
of OA and 2) the hydrogen bonding between the side chain of
A232S and the hydroxyl group at C2 of OA. In particular, the
strong charge-charge interaction seems to play a crucial role in
lowering the K,,, value for OA. The two studies reporting G286S/
Y288A%" and V49W/Y288P>* provided the simulated structures
complexed with OA. The relative orientations of the C3 carbon
of OA to the C1 carbon of GSPP in their structures were similar
to ours, but the interactions of OA in the binding pocket
seemed different based on the description in the manuscript.
The structures complexed with OA need to be determined to
understand the roles of the mutations, which might provide
clues for further engineering. The results of the in vitro CBGA
synthesis using the engineered NphB variants (Fig. 6) could
estimate the ability of the NphB variants in the complex
cellular environments. The microorganisms harboring the
metabolic pathways to synthesize OA have been reported to
produce the metabolite in the range of 50 to 150 mg L™ (0.22
to 0.67 mM),'**>* which would be the maximum
concentration without further conversion into other
metabolites. Thus, it is likely that the OA concentration is even
lower under the condition where it serves as a precursor for
CBGA. The quadruple variant synthesized CBGA faster than the
other variants, and the improvement was more evident at a low
concentration of OA (0.2 mM). The NphB variants need to be
evaluated in recombinant hosts for application to the biological
production of cannabinoids using microbial cell factories,
which is planned for further study.
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